Copper complexes of the phenolic oxime family of ligands (3-X-salicylaldoximes) are used extensively as metal solvent extractants. Incorporation of electronegative substituents in the 3-position, ortho to the phenol group, can be used to "buttress" the inter-ligand H-bonding leading to enhancement in extractant strength. However, investigation of the relevant H-bonding in these complexes can be exceedingly difficult. Here we have combined EPR, ENDOR, DFT and X-ray crystallography to study this effect. Analysis of the 1 H ENDOR data revealed a variation in the Therefore ENDOR, DFT and X-ray structural data all indicate that the aminomethyl substituent (X) ortho to the phenolic oxygen atom provides a particularly strong buttressing of inter-ligand H-bonding in these copper complexes, and these outer sphere interactions can significantly influence structure and stability.
Introduction
The interaction between ligands in the outer coordination spheres of metal ions often contributes to the thermodynamic and kinetic stability of the complexes in systems as diverse as antibiotics, 1 gravimetric reagents 2 and metal solvent extractants. 3a,b The last are used in kilotonne-scale processes in extractive metallurgy and provide very efficient ways to achieve the necessary operations for concentration and separation of metals dissolved in aqueous acidic solution by selective phase transfer into an organic phase. 4 The hydrogen bonding (H-bonding)
interactions of metal complexes 5 and in particular between ligands is particularly favored in the high boiling non-polar solvents used by industry for metal solvent extraction and is often responsible for the selectivity of extraction which is essential for efficient recovery processes.
Metal extraction by organic derivatives of phosphorus(V) acids, such as the commercial used reagent di- (2-ethylhexyl) phosphoric acid (D2EHPA), is usually associated with retention of strong inter-ligand H-bonds and the formation of 8-membered pseudo-chelate rings (Scheme 1a) 4b , favoring complex formation with tetrahedral metal cations leading to selectivity for Zn(II) over other 1st row transition metal (II) cations. This selectivity is now exploited in a zinc-plant in Namibia which operates on a 150,000 tonne per annum scale. Scheme 1. Two "pH-swing" extractants which form inter-ligand H-bonds: a) the phosphoric acid diesters (e.g., D2EHPA, R = 2-ethylhexyl) which is used in zinc recovery, 6 and b) the 5-alkyl-substituted salicylaldoximes (R′ = X = H) used in copper recovery. 7 Inter-ligand H-bonding is also important in determining the extraction strength and selectivity of the phenolic oxime reagents (Scheme 1b) used in copper recovery 7 which now account for between 20 and 30% of the world's production of copper. 8 The incorporation of electronegative substituents (X) in the 3-position, ortho to the phenol group (Scheme 1b) can be used to "buttress" the inter-ligand H-bonding and leads to substantial increases in extractant strength. 9 Structural information on copper complexes of the phenolic oximes in the regions which form the inter-ligand H-bonds is important in understanding the origins of such buttressing effects but is difficult to obtain. The precision with which H-atoms can be located in transition metal complexes by X-ray structure determination is limited, and, in the solid state, Cu-cations have a propensity to form weak bonds to donor atoms in neighboring molecules which in turn influences the Cu-O and Cu-N bond lengths in the cavity of the molecule and changes the interligand contact distances. 10 In order to replicate the conditions which apply in solvent extraction, it is preferable to probe the structures of the complexes in solution. Fortunately, the paramagnetism of Cu(II) enables the systems to be readily characterized using advanced EPR techniques and therefore in this paper we have utilized a combination of continuous wave (CW)
Electron Paramagnetic Resonance (EPR) and Electron Nuclear DOuble Resonance (ENDOR) spectroscopy, supported by computational methods, to determine the variation in Cu… 1 H distances as a function of changes in the outer coordination sphere of some of the compounds shown in Scheme 2. The predicted strengths of the hydrogen bonds and differences in the copper coordination spheres are discussed within the context of experimental structures, solvent extractions and X-ray structures.
Experimental Section
The syntheses of the proligands L 2 H, L 3 H, L 6 H, L 9 H and L 10 H (scheme 2) and the associated preparation and characterization, including X-ray structure determinations of their copper complexes have been reported previously.
9,11
EPR/ENDOR Spectroscopy: X-band (9 GHz) CW-EPR spectra were recorded at 140 K on a Bruker EMX spectrometer operating at 100 kHz field modulation, 10 mW microwave power using an ER 4119HS cavity. Q-band (35 GHz) CW-EPR and ENDOR spectra were recorded on a Bruker ESP 300E series spectrometer equipped with an ESP360 DICE ENDOR unit operating at 12.5 kHz field modulation in a Q-band ENDOR cavity (Bruker ER 5106 QT-E). The ENDOR spectra were obtained using 8 dB RF power from an ENI A-300 RF amplifier and 50 or 200 kHz RF modulation depth and 1 mW microwave power. Q-band EPR spectra were recorded at 50 K, while the Q-band ENDOR measurements were performed at 10 K. Spectral simulations were performed using the EasySpin toolbox in Matlab developed at ETH Zurich.
12
Computations: All calculations were executed using the Gaussian '09 program. 13 Full structural optimizations and NBO06 14 analyses were carried out using the hybrid DFT functional B3LYP, 15 coupled to the 6-31+G(d,p) basis set for each of the proligands, proligand dimers and copper complexes. Vibrational frequency calculations were carried out on all optimized structures to ensure energy minima had been reached. Assembly formation energies, dimerization and deprotonation energies were calculated using the difference in internal energy values based on the sum of the products and the sum of individual reactants. A correction factor for basis set superposition error (BSSE) was also included which was determined using the of the spectrum, but they can be easily resolved by measurements at higher frequencies. Figure 2 and ESI 2). The third component of this tensor is buried under the inner peaks in the ENDOR spectra, originating from hyperfine couplings to the more remote protons. 
DFT & X-ray structure
The above ENDOR data suggests that incorporation of an aminomethyl group ortho to the phenolic oxygen atom causes the length and therefore strength of the oxime to phenolate hydrogen bond to change significantly (evidenced by changes in Cu… 1 H distances). The extent to which these changes in outer coordination sphere influences the structure and bonding in the inner sphere, and thus the strength of the ligands as copper extractants, is of considerable interest. To understand the origins of these substituent effects, we investigated the structure of the complexes by hybrid DFT calculations and X-ray crystallography. Table 4 ; increased Cu…H distance). This movement is accompanied by a shortening of the Cu-O bonds and a lengthening of the Cu-N bonds and, as a consequence, the azomethine hydrogen atom H 15 becomes more remote from the copper atom, as revealed by the ENDOR spectra. Average of two crystallographically independent values present in metal complex dimer [Cu(L 6 ) 2 ] 2 (see Figure  5) . 12 c No esd values for positional parameters are provided for H-atoms in these structures 9, 11 The strengths of the H-bonds in [ The effects of an aminomethyl group substitution in the 3-position on the structures of complexes in the solid state were evaluated by comparing the single crystal X-ray structures of
12 (see Figure 5 ). The aminomethyl group in the latter complex contains a relatively rigid piperidine unit which facilitated the isolation of good quality single crystals. (Table 4) is not statistically significant. However, it is possible to track the movement of the oximic oxygen atom away from the copper towards the aminomethyl group in [Cu(L 6 ) 2 ] (see ESI 4). The mean L 3 H is only slightly stronger than the unsubstituted reagent, L 2 H, having a pH 0.5 value (the pH for 50% metal-loading) of 1.45. At first sight this is surprising, given the very strong "buttressing" of intramolecular H-bonding, which has been demonstrated above, and the observation that such buttressing is the dominant factor in determining the relative strengths of the eight extractants studied previously. 9 The anomalous behavior of the 3-aminomethyl substituent in L 3 H can be understood by using hybrid DFT calculations to compare substituent effects on the deprotonation energies of the proligands (ΔU dp, eq.1), the binding energies of the anionic ligands to Cu 2+ (ΔU b , eq.2) and the formation energies of the copper complexes (eq.3, ΔU f = ΔU dp + ΔU b ). H is predicted to be the strongest extractant because it has the lowest deprotonation energy (∆U dp ) and the second most favorable inter-ligand hydrogen bonding as revealed by the dimerization energies (∆U dim ). The former can be ascribed to the electron withdrawing properties of the bromide and the latter is consistent with some form of additional intra-complex secondary bonding, such as buttressing of the H-bonding, 9 that contributes to the stability of the Cu complex. These terms, which favor complex-formation, more than compensate for the weaker binding energy to Cu(II) which arises from the bromo substituent reducing the basicity of the N 2 O 2 2-donor set. The ENDOR, hybrid DFT and X-ray structural data above all indicate that the aminomethyl substituent ortho to the phenolic oxygen atom provides particularly strong buttressing of interligand H-bonding. This is manifested by L 5 H having the most favorable dimerization energy (∆U dim Table 5 ) for the process shown in Figure 7 The combination of techniques described above has demonstrated that buttressing of Hbonding in the outer coordination sphere of extracted metal complexes significantly influences their structures and stabilities. However, the work also reveals that it will not always be the case that reagents which provide the strongest buttressing will prove to be the strongest extractants; the buttressing may impose an unfavorable coordination geometry on the complexed metal.
Conclusions
EPR and ENDOR spectroscopy at two different frequencies, used to investigate Cu(II) complexes bearing 3-X-salicylaldoximes in frozen solution, provide information for the first time on the relative strengths of hydrogen bonds formed in a medium/environment which is similar to that used in commercial solvent extraction processes. This information is important because the selectivity and strength of copper extraction is known to be dependent on inter-ligand Hbonding. 3a The 2 ], resulting from polarization of the H 16 proton towards the -CH 2 N(C 6 H 13 ) 2 group. These changes in inter-ligand H-bonding, arising from the introduction of an aminomethyl group, are mirrored in the structures of closely related model complexes obtained in the gas phase by DFT calculations and in the solid state by X-ray structure determination.
Earlier work suggested that the ability of 3-X-substituents in salicylaldoximes to "buttress" the H-bonding between ligands in the outer coordination sphere is the dominant effect in determining their strength as copper extractants. In this paper the combination of structural investigations and DFT calculations of energies of formation for the copper complexes has revealed that this is not always the case. The very strong additional (buttressing) H-bonds formed by aminomethyl substituents do not greatly increase the strength of copper extraction because they impose an unfavourable geometry on the complexed metal. These substituents also increase
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